The membrane proximal external region (MPER) of HIV-1 glycoprotein (gp) 41 is involved in viral-host cell membrane fusion. It contains short amino acid sequences that are binding sites for the HIV-1 broadly neutralizing antibodies 2F5, 4E10, and 10E8, making these binding sites important targets for HIV-1 vaccine development. We report a high-resolution structure of a designed MPER trimer assembled on a detergent micelle. The NMR solution structure of this trimeric domain, designated gp41-M-MAT, shows that the three MPER peptides each adopt symmetric α-helical conformations exposing the amino acid side chains of the antibody binding sites. The helices are closely associated at their N termini, bend between the 2F5 and 4E10 epitopes, and gradually separate toward the C termini, where they associate with the membrane. The mAbs 2F5 and 4E10 bind gp41-M-MAT with nanomolar affinities, consistent with the substantial exposure of their respective epitopes in the trimer structure. The traditional structure determination of gp41-M-MAT using the Xplor-NIH protocol was validated by independently determining the structure using the DISCO sparse-data protocol, which exploits geometric arrangement algorithms that guarantee to compute all structures and assignments that satisfy the data.
The membrane proximal external region (MPER) of HIV-1 glycoprotein (gp) 41 is involved in viral-host cell membrane fusion. It contains short amino acid sequences that are binding sites for the HIV-1 broadly neutralizing antibodies 2F5, 4E10, and 10E8, making these binding sites important targets for HIV-1 vaccine development. We report a high-resolution structure of a designed MPER trimer assembled on a detergent micelle. The NMR solution structure of this trimeric domain, designated gp41-M-MAT, shows that the three MPER peptides each adopt symmetric α-helical conformations exposing the amino acid side chains of the antibody binding sites. The helices are closely associated at their N termini, bend between the 2F5 and 4E10 epitopes, and gradually separate toward the C termini, where they associate with the membrane. The mAbs 2F5 and 4E10 bind gp41-M-MAT with nanomolar affinities, consistent with the substantial exposure of their respective epitopes in the trimer structure. The traditional structure determination of gp41-M-MAT using the Xplor-NIH protocol was validated by independently determining the structure using the DISCO sparse-data protocol, which exploits geometric arrangement algorithms that guarantee to compute all structures and assignments that satisfy the data.
I nfection of a CD4
+ T cell by HIV-1 is mediated by the envelope protein (Env), a trimeric complex located on the virion surface that consists of three copies each of glycoprotein (gp) 120 and gp41. This complex is a macromolecular machine responsible for host-cell recognition followed by fusion of the viral and CD4
+ T-cell membranes, leading to virus entry (1) . The Env complex represents the primary target for antibody-mediated viral neutralization (2) .
The Env protein complex undergoes dramatic conformational changes during the process of membrane fusion. Biochemical and structural evidence suggests that membrane fusion involves at least three states of the Env complex (3, 4) . The first state is the resting prefusion state that exists before host-cell encounter and receptor binding. This state has been studied by several groups using cryo-EM (5-10). The second state is a prefusion intermediate where gp41 is interacting with both the host cell and viral membranes. This prefusion intermediate, or a closely related intermediate, is also believed to be the target for fusioninhibiting peptides (11) as well as the broadly neutralizing antibodies 2F5 and 4E10 (12) . The final state is the postfusion or sixhelix bundle. The formation of this conformation is thought to drive membrane fusion. This conformation is stable, and its structure has been well studied using X-ray crystallography techniques (13) . Binding studies have shown that the broadly neutralizing antibodies 2F5 and 4E10 do not bind with high affinity to either the postfusion six-helix bundle or the prefusion resting state, suggesting that a prefusion intermediate state is the target for these antibodies (12) .
The membrane proximal external region (MPER) is a 28-residue segment of each subunit in the gp41 homotrimer. This tryptophan-rich segment is juxtaposed to the transmembrane domain and plays an important role in the membrane-fusion process leading to viral infection of the host cell (14, 15) . The MPER contains the binding epitopes for several broadly neutralizing antibodies, including 2F5, 10E8, and 4E10 (16) (17) (18) . This observation has motivated efforts to develop vaccines designed to induce antibodies specific to this region. Vaccine candidates based on linear peptides from the MPER (19) , trimeric gp41 constructs (20, 21) , and conformationally constrained peptides have been previously reported (22, 23) . In animal models, many of these vaccine designs have elicited antibodies that recognize epitopes in the MPER (19, 22, 23) . However, none of the induced plasma antibodies strongly neutralize HIV-1 (19, 20, 23, 24) , either because the trial vaccines do not present the epitope residues in a native conformation or in the presence of the correct molecular environment, or because of the limitation of induction of MPER antibodies by host tolerance mechanisms (25) (26) (27) (28) .
The mAbs 2F5 and 4E10 are polyreactive for non-HIV-1 proteins and for lipids (29, 30) . Crystal structures of 2F5 and 4E10 Fab domains bound to short epitope-containing MPER peptides show limited CDR-H3 contacts with the MPER peptides Significance A major roadblock in the development of an HIV vaccine is the need to develop vaccine regimens that will induce antibodies that bind to conserved regions of the HIV envelope and neutralize many different virus quasispecies. One such envelope target is at the region closest to the membrane, the glycoprotein (gp) 41 membrane proximal external region (MPER) . Previous work has demonstrated that antibodies that target this region bind both to the gp41 polypeptide and to the adjacent viral membrane. However, what has been missing is a view of what the MPER-neutralizing epitopes may look like in the context of a trimeric orientation with lipids. We have constructed an MPER trimer associated with lipids and solved the trimer structure by NMR spectroscopy.
and, together with the lipid-reactive data, prompted speculation that the long hydrophobic CDR-H3 loops in the antibodies contact the viral membrane (31-33). Mutations of some of the hydrophobic residues in the CDR-H3 regions reduce the lipidbinding activity of these antibodies without reducing peptide binding, but these mutants are also nonneutralizing for HIV-1 (34-36). These data demonstrated that association with the viral membrane plays an important role in the molecular mechanism for viral neutralization by 2F5 and 4E10 (34).
Here, we report the biosynthesis and structure determination of a micelle-bound MPER trimer in a putative prefusion intermediate state. The designed trimer readily associates with dodecylphosphocoline (DPC) micelles and 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC) liposomes. The solution NMR structure reported is an atomic level representation of the MPER trimer that is complexed directly with the outer surface of the micelle. This trimer, displayed on both liposomes and micelles, avidly binds the 2F5 and 4E10 neutralizing antibodies. We also observe conformational flexibility within the polypeptide subunits that we hypothesize is important for binding to the 2F5 and 4E10 antibodies based on the crystal structures of the antibodies bound to short peptide epitopes.
Results
Trimer MPER Construct and NMR Structure. We designed the gp41 MPER trimer construct based on a chimeric polypeptide monomer containing the 27-residue trimerization domain from bacteriophage T4 fibritin (the foldon domain) N-terminal to the MPER sequence (NEQELLELDKWASLWNWFNITNWLWYIK), corresponding to residues 656-683 of Hxb2 HIV-1. The foldon domain is linked to the MPER domain via a flexible Gly-Ser-Ser-Gly linker, allowing the MPER to adopt orientations with minimal constraint from the foldon. The polypeptide spontaneously trimerizes and directly associates with the phospholipid membrane surface at the MPER C terminus, where the transmembrane segment of gp41 begins in the full-length protein. This transmembrane domain consists of 31 residues that are not included in our construct. A schematic diagram of the gp41 MPER containing Membrane Associated Trimer (designated gp41-M-MAT) is shown in Fig. 1B .
The solution structure of the membrane-associated gp41-M-MAT was determined using NOE-based distance restraints, dihedral angles, 3 J-coupling constants, and HN residual dipolar coupling data collected at 600, 800, and 950 MHz (summarized in Table S1 ). The 15 N-TROSY HSQC spectrum revealed a single set of amide moiety resonances, which facilitated the assignments and indicated that the trimer was symmetric. Based on the HN residual dipolar coupling (RDC) data, the calculated rhombicity of the trimer on the micelle was 0.052, consistent with a symmetric homotrimer, where the ideal rhombicity is zero. Further analysis of these data revealed that the separate foldon and MPER domains adopted the same symmetry axis orientations, within experimental error. Representative data from the RDC experiments and a summary of the symmetry axis analysis are shown in Fig. S1 . The solution structure we determined for gp41-M-MAT is shown in Fig. 2 . A comparison of the structures computed by Xplor-NIH and the alternative DISCO method is shown in Fig. 3 . Importantly, these two alternative methods result in nearly identical trimeric architectures for the MPER. The most significant differences in the structural ensembles derived by the two methods are in the flexible linkers. These differences lead to increased rmsds between the two gp41-M-MAT ensembles because the conformational variations in the linkers allow increased rotational freedom around the symmetry axis that results in a small range of relative rotations for the foldon and MPER domains.
Each subunit of the MPER trimer is in an α-helical conformation ∼40 Å long. The three helices form a threefold symmetric left-handed bundle that progressively expands from residue 32 where the Cα atoms of each helix are separated by 14 Å to a C-terminal separation of ∼30 Å between Cα positions in residue 59. Intermolecular NOEs are observed between the side chains of residues 39 and 42 and the backbone amide of residue 38. Amino acid residues 39 and 42 are highly conserved in the MPER (see Fig. S7 ). Additional intermolecular NOEs were not observed for residues 29-37 likely due to increased dynamics in this region. The observed chemical shifts of the foldon domain in gp41-M-MAT were consistent with those reported for trimerized foldon, confirming that the foldon was folded and trimerized (37). The gp41-M-MAT on the micelle exhibits unique architecture compared with other gp41 trimer designs that incorporate nonnative C-terminal trimerization domains (12, 20, 21, 38) .
The 2F5 epitope core residues D40, K41, and W42 are highlighted in Fig. 2 B and C, showing that they are accessible for antibody binding. Residues D40 and K41 are on the surface of gp41-M-MAT, with part of the W42 side chain oriented toward the axis of symmetry, leaving the rest at least partially solvent exposed. The individual members of the calculated ensembles from both 2LP7 and 2M7W exhibit varying degrees of solvent exposure for W42 due to the limited side-chain constraints observed. Interestingly, the least conserved residue in the 2F5 core epitope, K41, is oriented directly away from the trimer interface toward the bulk solvent. The structural conformation of the 2F5 epitope in gp41-M-MAT exhibits little similarity with that observed in crystal structures of short MPER peptide segments bound to 2F5 Fabs (31).
The 4E10 epitope region, W48-T52, highlighted in Fig. 2 B and D, is helical in our NMR structure. In the crystal structure of 4E10 bound to short epitope-containing peptides W48, F49, I51, and T52 are in a helical conformation and account for the most contacts between the peptide and the antibody (32). Fig. 2D shows that the side chain of F49 in our construct is directed inward toward the axis of symmetry, potentially contacting the micelle (see Micelle Occupancy and Localization). This orientation is similar to that proposed for F49 in the linear MPER peptide monomer structure, 2PV6, which suggested that F49 is buried in the lipid or micelle (39). N50 is exposed on the outer surface and is somewhat less conserved than the other residues in the epitope (32, 40). In the crystal structure, this residue makes fewer contacts with 4E10 compared with most of the other residues in the peptide epitope (32).
Binding to HIV-1-Neutralizing Antibodies. Binding of 2F5 and 4E10 intact bivalent antibodies and Fabs to the gp41-M-MAT construct displayed on DPC micelles and DMPC liposomes was assayed using equilibrium analytical ultracentrifugation (AUC) and surface plasmon resonance (SPR). AUC of the trimer/micelle complex with 2F5 Fabs gives a buoyant molecular mass of 33,341 Da, which corresponds well with the expected buoyant molecular mass for a 3:1 complex of 36,357 Da, indicating that gp41-M-MAT binds up to three 2F5 Fabs (Fig. 4 and Table  S2 ). At Fab:gp41-M-MAT ratios greater than 3:1, the buoyant molecular weight decreases due to saturation of the available binding sites and the subsequent observation of additional free antibody. AUC data collected at various ratios of 2F5 Fab to gp41-M-MAT in DPC micelles fit an association model with three independent binding sites on gp41-M-MAT, each having a binding constant of ∼143 nM for 2F5 Fab binding to gp41-M-MAT. Representative AUC data and the corresponding fit generated by the model are shown in Fig. S2 .
The SPR sensograms of monoclonal 2F5 and 4E10 full antibodies binding to gp41-M-MAT-liposome conjugates over a range of antibody concentrations are shown in Fig. 5 . These data give apparent binding constants of 0.18 nM and 27 nM, respectively, for 2F5 and 4E10 (Table S2 ). Clear SPR profiles were observed for 2F5 and 4E10 binding to the trimer on DPC micelles although quantitation was compromised by the excessive drift in the signal due to detergent in the fluid phase. Based on the AUC result above, 2F5 Fab binding to the MPER trimer/micelle conjugate appears to be weaker than binding of the full antibody to the corresponding liposome conjugate.
A new broadly neutralizing antibody, 10E8, that binds the C-terminal segment of the MPER has recently been reported (18) . Its recognition site includes residues within the 4E10 epitope, but it does not bind phospholipids and may have the potential to escape immune tolerance associated with membrane binding. Although its affinity for the MPER is lower than 2F5 or 4E10, its neutralization capacity is similar to 4E10; however, unlike 4E10, it binds cell-surface envelope spikes (18) . These observations suggest that 10E8 targets the initial prefusion conformational state of gp41 rather than the prefusion intermediate state that gp41-M-MAT was designed to potentially represent. SPR binding curves shown in Fig. S3 indicate that 10E8 interacts poorly with gp41-M-MAT. In the structure of gp41-M-MAT, the side chains of residues F49, W56, and K59 are oriented toward the micelle, which may contribute to the lack of 10E8 binding to gp41-M-MAT (Fig. S4) . In contrast, lipid binding by 2F5 and 4E10 may allow these antibodies to interact with amino acid residues that are also in contact with the micelle, resulting in high-affinity binding. This binding data further supports the hypothesis that 4E10 and 10E8 antibodies neutralize virus by binding distinctly different conformations of the gp41 MPER, suggesting that each antibody may be useful in probing molecular models for vaccine design.
Micelle Occupancy and Localization. The detergent soluble paramagnetic probe 16-DOXYL-stearic acid (DSA) was used to reveal the regions of gp41-M-MAT that interact with the DPC detergent micelle (41-43). DSA is a paramagnetic probe that localizes to the hydrophobic interior of detergent micelles and membranes where it enhances relaxation of resonances from residues that are in proximity to the micelle or membrane. are significantly relaxed by DSA although residues 1 through 27 are relatively unperturbed, as illustrated in Fig. 6 . There are no significant chemical-shift perturbations observed in the spectrum with DSA, providing evidence that the DSA is not binding directly to the hydrophobic MPER region of gp41-M-MAT. These data indicate that the C-terminal region of the MPER peptide in gp41-M-MAT is associating with the detergent micelle, suggesting that the micelle resides in or near the cavity formed by the splayed MPER helices, with the side chains of residues W56, F49, and W46 in position to interact with the micelle. A schematic model for the positioning of gp41-M-MAT on the surface of micelles is shown in Fig. S4 . We measured the mass of detergent bound to gp41-M-MAT using analytical ultracentrifugation at various solvent densities as described in Materials and Methods. This analysis revealed that gp41-M-MAT binds one DPC micelle per trimer (Fig. S2) .
Dynamics of the MPER Trimer. Heteronuclear HN NOE data were used to probe the flexibility of gp41-M-MAT. Fig. 7 summarizes the results of these experiments. These data indicate that the MPER domain exhibits significant dynamic behavior patterns whereas the foldon is relatively rigid. From the N terminus to the 2F5 epitope (residues 32-39), the data are consistent with fast internal motion. The core 2F5 epitope region (residues 40-42) is less dynamic whereas the region between the 2F5 epitope and the 4E10 epitope (residues 43-47) is relatively rigid. Backbone mobility increases slightly at residue 48 in the 4E10 epitope (residues 48-52).
An important design feature of gp41-M-MAT included a flexible linker at residues 28-31, between the foldon trimerization domain and the MPER, that is intended to minimize the effect of the structured foldon on the conformation and dynamics of the MPER trimer subunits. It is clear from the heteronuclear NOE data that the linker exhibits increased flexibility compared with the foldon domain. Taken together with the absence of secondary structure observed for the linker, these data indicate that the foldon helix does not nucleate helix formation in the MPER.
Discussion
General physical properties and antibody-binding characteristics of several gp41 MPER-derived peptides have been reported, including at least three trimeric constructs in an extended conformation hypothesized to be similar to the prefusion intermediate state (12, 20, 21) , the putative target of 2F5 and 4E10 antibodies (12) . Two of these trimeric constructs are reported to induce antibodies that react with the MPER when administered to rodents (20, 21) ; however, these antibodies are nonneutralizing.
Structural studies of the MPER domain have been limited primarily to short, monomeric peptide sequences and two trimeric constructs. The short peptides were either solubilized in detergent micelles (39, 44, 45) or in bound forms cocrystallized with MPER-recognizing antibodies (31, 32). Of the trimeric structures, one was not membrane-associated and does not bind 2F5 or 4E10 antibodies (38), and the other was part of a six-helix bundle representing the postfusion state of gp41 (13) .
The gp41-M-MAT construct characterized here does not incorporate the C-terminal transmembrane domain of gp41, but it does associate directly with micelles and liposomes. We note that, in the virus, the trimerization state of the transmembrane domain that immediately follows the MPER domain is not wellcharacterized. Some cryo-EM studies of intact Env show evidence for little or no trimerization of the the transmembrane domain (5, 8) . Others are consistent with a more compact structure having a width of ∼35 Å where the Env stalk enters the membrane (6, 7, 10) . The crystal structure of the postfusion six-helix bundle shows that the MPER packs onto the outside of the bundle, leading to significant separation of the C termini of the MPER domain (13) . In our structure, the C termini of the MPER trimer segments are not self-associated and, instead, are associated with the detergent micelle. Our structure may represent an intermediate state where the transmembrane domain is not tightly bundled, allowing the MPER to associate with the viral membrane in conformations that enable its important function in the membrane-fusion process (14, 15) . Thus, it will be of interest to determine the status of the MPER in atomic level structures of intact gp41-gp120 trimers.
Structure determination of multimeric membrane-associated proteins in solution is challenging, and very few structures have been reported. In general the large size of the assembly and the unfavorable spin relaxation of systems like micelle solubilized proteins often limit the structural restraints observed in NMR. To determine the gp41-M-MAT structure, we combined traditional NMR structure determination techniques with recently reported methods based on residual dipolar couplings (46). Two intermolecular NOEs would be insufficient to pack the helices for a general multimeric structure. Indeed, without any additional constraint, the space of possible packings between two helices has six degrees of freedom: rotations and translations ðR 3 × SOð3ÞÞ: However, in the case of a symmetric homo-trimer, such as the MPER in gp41-M-MAT, after the orientation of the symmetry axis has been determined, the constraint imposed by the symmetry reduces the dimensionality to two degrees of freedom: positions of the symmetry axis relative to the subunit structure (R 2 ) (46). With two degrees of freedom instead of six, far fewer intersubunit restraints are needed to define the helical packing. For the MPER trimer, we show in Figs. S5 and S6 that two NOEs are sufficient to pack the interface.
The DISCO approach treats symmetry differently than Xplor-NIH. In Xplor-NIH, a potential that penalizes differences among the subunit structures, along with a potential encoding intersubunit distance restraints, is used to implicitly represent the symmetry axis. In contrast, DISCO explicitly models the symmetry by computing the parameters of the symmetry axis directly and thus defines a simpler structure-determination problem. Under this parameterization, every possible quaternary structure satisfies the symmetry, and all that remains is to compute the subset of symmetric quaternary structures that satisfy the experimental restraints. When the symmetry and the experimental restraints are simultaneously satisfiable, and when Xplor-NIH discovers satisfying quaternary structures without falling into a local-energy minimum, the two approaches will return similar answers (see Table S3 for comparisons). The advantage of the parametric representation is that all satisfying quaternary structures can be reported, or it can be proven that none exist.
Based on the NMR structure of gp41-M-MAT, it is apparent that the structure of the 2F5 epitope in the MPER trimer differs from the structure of the epitope observed in the cocrystal structure of 2F5 Fab bound to a short MPER-derived linear peptide (shown in Fig. S7 ) and the NMR structure of the linear MPER peptide in a micelle (Fig. S7 ). In the 2F5 cocrystal structure, the MPER fragment exhibits a β-hairpin at the core 2F5 epitope (31) whereas, in gp41-M-MAT on DPC micelles, the 2F5 epitope has an α-helical conformation. The binding affinity to 2F5 in both cases, however, is in the nanomolar range. In contrast, the helical conformation of the 4E10 epitope in gp41-M-MAT is similar to that observed in the cocrystal structure of the short peptide bound to 4E10 Fab (32). In our trimeric complex, the main residues that would contact 4E10, W48 and I51, are exposed on the surface whereas the side chains of F49 and T52 are oriented toward the micelle, like that observed for a linear MPER peptide monomer on the surface of a detergent micelle (39). The affinity of our trimeric construct for 4E10 Mab is consistent with the 4E10 affinities observed for linear MPER peptides displayed on liposomes (47).
Superposition of the gp41-M-MAT epitopes onto the respective 2F5 and 4E10 Fabs at the epitope recognition sites in the crystal structures (31, 32) produced significant steric clashes with other parts of the MPER domain. In both 2F5 and 4E10, the residues N-terminal of their respective epitopes in gp41-M-MAT clash with large portions of the antibody. The clashes observed are extreme and show that docking of the gp41-M-MAT structure onto the epitopes in the crystal structures does not produce a realistic representation of antibody binding to gp41-M-MAT, suggesting that the MPER domain in our construct undergoes significant conformational changes that turn the N-terminal region of the MPER away from the antibody upon binding. Importantly, gp41-M-MAT binds 2F5 and 4E10 with high affinity, demonstrating that the helical conformation in our NMR structure does not inhibit antibody binding. Instead, the increased dynamic flexibility observed in our structure at the 2F5 and 4E10 binding sites may allow the MPER sufficient mobility to alter its conformation upon antibody binding and turn the N-terminal region of the MPER away from the antibody to avoid steric clashes. This flexibility is important for HIV-1 vaccine development because a rigid vaccine candidate may not be able to mimic this behavior and may consequently fail to induce 2F5-or 4E10-like antibodies. Furthermore, all three 2F5 epitopes on gp41-M-MAT trimer bind 2F5 with high affinity, making gp41-M-MAT a unique multivalent antigen that effectively presents the MPER epitopes for recognition and high-affinity binding.
This unique gp41-M-MAT design and structure represent an antigenic, trimeric MPER domain directly associated with the lipid membrane without an exogenous trimerization domain at the C terminus. It provides important structural information that can further illuminate HIV vaccine development efforts. Finally, the structure of gp41-M-MAT is an important addition to the relatively small number of multimeric membrane-associated structures determined using solution-state NMR.
Materials and Methods
Gp41-M-MAT was expressed into inclusion bodies using a TrpLE tag in C41 (DE3) Escherichia coli. For NMR samples, cells were grown in stable isotope ( 2 H, 13 C, and/or 15 N)-labeled minimal media supplemented with 10% (vol/vol) stable isotope-labeled bioexpress rich media (Cambridge Isotopes). Gp41-M-MAT was purified under denaturing conditions in 6 M guanidine-HCl. TrpLE was removed using CNBr cleavage for 2 h in 70% (vol/vol) TFA. Samples were prepared in DPC detergent and 50 mM sodium phosphate, pH 6.0. Liposome conjugates were formed by mixing gp41-M-MAT in 6 M guanidine-HCl with preformed unilamellar vesicles and removing the denaturant via dialysis. See SI Materials and Methods for detailed sample preparation procedures.
Analytical ultracentrifugation data were collected at multiple rotor speeds using absorbance optics on a Beckman XL-A. Density matching was used to 15 N-TROSY HSQC spectra were collected with or without 0.5 mM DSA. For each backbone amide resonance, the ratio of peak intensities with and without DSA was determined (plotted on the vertical axis). Resonances in the MPER that could not be observed due to spectral overlap are indicated by an *. Prolines and N-terminal resonances in the foldon domain that could not be observed due to deficiencies in spectral quality were omitted. Binding of antibodies to liposome conjugates was assayed using surface plasmon resonance. Fitting of SPR data was done using the BIAeval 4.1 software (Biacore).
NMR experiments were conducted on 600-MHz and 800-MHz Varian Inova or Varian NMR spectrometers, as well as a 950-MHz Bruker Avance spectrometer. Residual dipolar couplings were obtained in a 4.5% polyacrylamide gel radially compressed using a commercial apparatus (New Era). For micelle localization, 16-doxyl steric acid (DSA) was added to a 0.5-mM sample of gp41-M-MAT in 40 mM DPC at a final concentration of 0.5 mM DSA. NOEs were binned into short-, medium-, and long-range constraints corresponding to upper limits of 3.5, 4.5, and 5.5 Å, respectively. The structure was calculated using two different methods, Xplor-NIH (50) and DISCO (46) 2) . TrpLE directs the construct into inclusion bodies, facilitating purification of the chimeric membrane proximal external region (MPER) construct. The gp41-M-MAT gene was purchased from IDT and inserted into the pTCLE plasmid using the existing Nde1 and Xho1 restriction sites. Cells transformed with the plasmid were grown to an OD 600 of ∼0.5, then induced by the addition of 1 mM isopropyl β-D-1-thiogalactopyranosid for 4-6 h, after which they were harvested by centrifugation. Cell pellets were lysed by incubating in Bugbuster reagent (Pierce Scientific) with 100 μg/mL lysozyme and 200 μg/mL DNase for 30 min. The inclusion bodies containing the MPER polypeptide were separated from the soluble protein components by centrifugation at 15,000 × g for 30 min and solubilized in loading buffer containing 6 M guanidineHCl in 50 mM sodium phosphate, 10 mM imidazole, pH 8.0. The fusion protein in Fig. 1A was separated using a 5-mL NiSepharose column (GE Healthcare) and eluted from the column with elution buffer that contained 250 mM imidazole, 6 M guanidine-HCl, and 50 mM sodium phosphate, pH 8.0. Following elution, β-mercaptoethanol was added to a final concentration of 1% vol/vol and stored at 4°C overnight. The fusion protein was dialyzed against ddH 2 O until it precipitated, which concentrated and desalted it. The precipitated protein was pelleted by centrifugation at 15,000 × g for 20 min, washed with ddH 2 O, and dried under vacuum.
TrpLE was cleaved from the fusion protein by incubation with 1 M cyanogen bromide in 70% trifluoroacetic acid for 2 h. The cleavage reaction was stopped by lyophylization. Cleaved gp41-M-MAT was separated from the TrpLE and unreacted fusion protein using a Ni-Sepharose column and the same buffers as above. This procedure resulted in >95% pure gp41-M-MAT.
Preparation of Samples in Detergent. Purified gp41-M-MAT in loading buffer was dialyzed against ddH 2 O for 12-18 h. gp41-M-MAT has very limited solubility in aqueous solution but can be solubilized up to 3 mM concentrations in detergent. Dodecylphosphocholine detergent (DPC) was added to the peptide to yield the desired final concentration of DPC. Sodium phosphate, pH 6.0, was added to a final concentration of 50 mM sodium phosphate. The sample was concentrated using a 2,000 MW cutoff Vivaspin 15R spin concentrator (Sartorius).
Analytical Ultracentrifugation. All ultracentrifugation experiments were performed on a Beckman XL-A ultracentrifuge equipped with absorbance optics. Protein concentration was monitored by absorbance at 275 nm, 280 nm, or 285 nm. Data were collected at 20°C and several rotor speeds, including 8,000, 14,000, 16,000, 20,000, and 24,000 rpm. The best fit buoyant molecular weight (W b ) was calculated using XL-A IDEAL 1 software. Buoyant molecular weights were related to the molecular weight of the complexes (MW c ) according to the following equation.
The partial specific volumes for gp41-M-MAT and 2F5 Fab, as well as the solvent density (ρ), were calculated using SEDN-TERP (J. Philo, D. B. Hayes, and T. M. Laue, University of New Hampshire).
The stoichiometry of 2F5 binding to gp41-M-MAT was elucidated by determining the mass averaged buoyant molecular weight of mixtures of gp41-M-MAT and 2F5 Fab in DPC detergent micelles. Errors in the buoyant molecular weight were less than 0.5%, making the error bars similar in size to the icons; therefore, no error bars are shown in Fig. 4 . The method of density matching introduced by Tanford and Reynolds (3, 4) was used to remove the contribution of the detergent to the sedimentation equilibrium data. The solvent density was adjusted to be the reciprocal of the partial specific volume (ν d ) of the detergent by the addition of D 2 O. We determined the ν d of DPC micelles to be 0.944 cm 3 /g using an Anton Paar DMC-02C density meter. This partial specific volume is in good agreement with a previously reported value of 0.937 cm 3 /g (5) . The solvent density of our samples was adjusted to this value by adding D 2 O to a final concentration of 58% in solutions buffered with 50 mM sodium phosphate. The concentration of gp41-M-MAT was 3.3 μM (trimer), and the antibody concentration was varied. Estimates of the equilibrium association constants for antibody binding were obtained by modeling using the software Heteroanalysis v. 1.1.44 (J. L. Cole and J. W. Lary, University of Connecticut). The data were fit to a three-step association model with three independent binding sites. To simplify the model, all of the gp41-M-MAT was assumed to be in the trimeric state.
The amount of detergent bound to gp41-M-MAT was estimated based on the linear dependence of W b on ρ in Eq. 1 (6, 7) . The buoyant weight of gp41-M-MAT in DPC detergent micelles (100 mM and 10 mM DPC) was measured at various solvent densities and plotted as a function of the solvent density (shown in Fig. S2 ). The data were fit to a linear equation using Kaleidagraph, and the molecular weight of the complex was estimated from the y intercept of the line.
Preparation of Liposome Conjugates. The 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) liposomes were prepared from a chloroform solution. The chloroform was lyophilized, leaving dried lipid, which was resuspended in 1 mL of ddH 2 O, vortexed, and then extruded through a 0.1-μm membrane to form small unilammelar liposomes. These liposomes were mixed 10:1 liposomes to peptide with 1.5 mg/mL purified gp41-M-MAT in loading buffer. Liposome samples were dialyzed against ddH 2 O for 12-18 h. Dialyzed liposomes were extruded a final time through a 0.1-μm membrane. The final molar ratio of peptide to DMPC was ∼200:1. The peptide trimer/liposome conjugates were used immediately.
Surface Plasmon Resonance. Binding of antibodies to gp41-M-MAT conjugated to liposomes (M-MAT-liposomes) was assayed using surface plasmon resonance following the protocol used earlier for measuring the MPER peptide liposome binding of 2F5 and 4E10 antibodies (8, 9) . M-MAT-liposome conjugates were immobilized [∼500 response unit (RU)] on a Biacore L1 chip that had been conditioned by immobilizing ∼2,500-3,000 RU of BSA. Monoclonal antibodies (mAbs) were flowed over the chip for 2 min at a flow rate of 20 μL/min. mAbs were allowed to dissociate for 5 min while buffer continued to flow at a rate of 20 μL/min. For gp41-M-MAT in DPC detergent micelles, the antibodies were immobilized on a Biacore CM-5 chip to a final capture level of 1,000 RU. Detergent-solubilized gp41-M-MAT was flowed over the chip for 2 min at a flow rate of 30 μL/min. The construct was allowed to dissociate for 250 s while buffer continued to flow at 30 μL/min. Binding data were fit using the BIAeval 4.1 software (Biacore) to generate the binding curves.
NMR Experiments and Xplor-NIH Structure Calculation. NMR experiments were conducted on 600-MHz and 800-MHz Varian Inova or Varian NMR spectrometers, as well as a 950-MHz Bruker Avance spectrometer. Each spectrometer was equipped with a tripleresonance cold probe. All NMR spectra were acquired at 30°C. The experiments used for backbone assignment were HNCA, HNCO, HN(CO)CA, HNCACB, and hNCAnH. Side-chain assignments were made using an HCCH-TOCSY. Some 3 J-coupling constants were acquired from a 3D HNHA experiment. N-labeled protein. NOEs found in the mixed sample, but not in the reference spectrum, were identified as intermolecular. Samples used for these experiments contained 2mM gp41-M-MAT in 50 mM sodium phosphate and 150 mM DPC at pH 6.0. All spectra were processed using nmrPipe (11) and visualized using either CARA (Rochus Keller, ETH Zürich) or nmrviewJ (12) . Assignment of the intermolecular NOE data was confirmed using the software DISCO (13) . Residual dipolar coupling (RDC) data were collected in a 4.5% strained polyacrylamide gel. A 4.5% gel was prepared from a 30% acrylamide stock solution with 29:1 (wt/wt) N,N′-methylene-bis-acrylamide cross-linker in a 6-mm casting tube. Gels were polymerized overnight at 30°C with the addition of 0.082% (wt/vol) ammonium persulfate (APS) and 0.64% (vol/vol) tetramethylethylenediamine (TEMED). The polymerized gel was rinsed in ddH 2 O and then equilibrated with 50 mM sodium phosphate, pH 6.0. gp41-M-MAT in DPC detergent and 50 mM sodium phosphate, pH 6.0, was added to the gel and allowed to soak in over a period of 2 d. Protein-soaked gels were stretched into a 5-mm open-ended NMR tube using a New Era gel-stretching apparatus. RDCs were measured using a 3D TROSY-HNCO-based experiment (14) . The experimental data were collected three times to improve the precision of the measurement.
Localization of the detergent micelle was assayed using paramagnetic relaxation by 16-DOXYL stearic acid (DSA). The extent of paramagnetic relaxation enhancement was determined by acquiring a TROSY spectrum in the absence of DSA (reference spectrum) and comparing it with a TROSY spectrum with DSA (experimental spectrum). Then 0.5 mM DSA was added to 0.5 mM uniformly 15 N-labeled gp41-M-MAT in 40 mM DPC, which resulted in the peak intensity ratios between reference and experimental spectra ranging between <0.1 and >0.9.
Backbone chemical shifts were used to obtain backbone dihedral angle restraints using the program TALOS (15). 1 H-1 H NOE peak volumes were calculated using the elliptical volumecalculation module built into nmrviewJ. Volumes were converted to distances using CYANA 2.1 (16) and separated into short-, medium-, and long-range distances, corresponding to maximum distances of 3.5, 4.5, and 5.5 Å, respectively. The intermolecular NOEs in Table S1 represent the assigned NOEs in the NOESY spectrum. Thirty-six total intermolecular distance constraints were observed for the entire gp41-M-MAT. Most of the intermolecular NOE peaks assigned were associated with the foldon, but three involved residues beyond the foldon. Two of these NOE peaks provided six structural constraints in the MPER region. One NOE was between W42 HE1 and L39 HD, and the other was between E38 HN and L39 HD. Interestingly, both NOEs involve side chains from highly conserved residues (W42 and L39) whereas only the backbone amide is involved for the nonconserved residue (E38). The other intermolecular NOE involved residue G28, the first residue in the linker, and the C-terminal residue of the foldon. This NOE had little effect on the MPER structure. Intermolecular NOEs were not observed for residues 29-37, likely due to the increased dynamics in this region.
The structure was calculated in two steps using Xplor-NIH v. 2.26 (17) . An initial structure was calculated using standard simulated annealing with all of the data except the RDC restraints. The standard Xplor-NIH potentials for bond angles, improper angles, bond length, van der Waals, and favored/allowed Ramachandran regions were used to ensure proper geometry. The gp41-M-MAT spectrum indicated that the trimer subunits were symmetric because only one set of resonances was observed. Therefore, symmetry was enforced using the noncrystallographic symmetry potential to minimize the rmsd between the subunits. The foldon structure has been determined by both NMR and X-ray crystallography, and both techniques yielded the same structure. The HSQC spectrum of foldon in our construct was identical to the reported HSQC; therefore, we included an additional reference potential that minimized the rmsd between the published foldon structure and the foldon in our structure. This reference potential helped to ensure proper packing of the trimeric foldon, despite the limited side chain distance restraints. Final structures were calculated using the structure from the initial calculation as a seed and included the RDC restraints. Final force constants were as follows: NOE, 30; RDC, 1; RAMA, 0.1; symmetry, 10; foldon reference, 100. All other constants were left at default values. The procedure resulted in 11 structures out of 400 that had no NOE violations greater than 0.5 Å and no dihedral violations greater than 5°. Ramachandran statistics from Procheck are included in Table S1 (18). The structure and NMR data are deposited in the Protein Data Bank (PDB) (2LP7) and the Biological Magnetic Resonance Data Bank (18237).
DISCO-Based Structure Calculation. Using the NOE and RDC data collected from the trimeric gp41-M-MAT construct, structures of a single subunit of gp41-M-MAT were refined in isolation (i.e., without the other two subunits and including only intramolecular restraints) using Xplor-NIH (17) . Of 100 conformers calculated, the 16 lowest energy structures with no NOE violations >0.5 Å and no dihedral angle violations >5°were chosen, and the lowest energy subunit structure was selected as the best conformer.
We used the MPER fragment (residues 32-59) of this best conformer to compute the orientation of the threefold symmetry axis of the trimeric structure that best fit the RDC data using the DISCO method, which has been described previously (13) .
Briefly, DISCO computes the quaternary structure of homooligomeric proteins using assigned RDCs and distance restraints that can have ambiguous or unambiguous assignments. Suppose that coordinates for an ensemble of subunit structures have been computed using exclusively the intramolecular restraints on the subunit structure. Then, taking this ensemble of subunit structures as input, DISCO is guaranteed to return all possible placements of the subunits (i.e., the packings) that are consistent with the symmetry, the RDCs, and the distance restraints. The packings are represented in terms of a parametric model of the symmetry axis of the oligomeric structure. Once the orientation and position of the symmetry axis relative to the subunit structure are computed, the full oligomeric structure can be reconstructed using the symmetry (Fig. S5) .
The alignment tensor resulting from DISCO's RDC analysis fit the RDC data and the MPER subunit structure with an RDC Q-Factor of 3.2%. The rhombicity of the alignment tensor was 0.02, which is consistent with the zero rhombicity expected for an axially symmetric C 3 homo-trimer. The calculation did not use any coordinates or RDCs from the foldon fragment (residues 1-27) of gp41-M-MAT, and thus it is an independent calculation of the alignment tensor and symmetry-axis orientation using the MPER subunit alone. In addition, a systematic search on a fine grid over all of the possible symmetry-axis orientations (Fig. S1D) did not reveal any satisfying orientations that were significantly different from the best-fit orientation, thus indicating that the orientation of the symmetry axis is well-defined relative to the MPER subunit. The grid was constructed by subdividing the faces of a regular icosahedron seven times and projecting the resulting vertices onto the 2-sphere. Moreover, the orientation analysis yielded the same symmetry-axis orientation for the foldon fragment of the best gp41-M-MAT subunit conformer as well as the full-length construct, thus showing that the average orientations of the MPER and foldon are axially aligned.
Using the computed symmetry axis orientation, the MPER fragments from the ensemble of gp41-M-MAT subunit structures, and the two inter-MPER NOEs, we computed the trimeric packing of the MPER using DISCO, which considered all possible packings allowed by all possible assignments of the intersubunit NOEs due to chemical-shift ambiguity and subunit-assignment ambiguity. Although the chemical shift of the ILE 58 H γ2 proton was within the 0.05 ppm error window for NOE 2 to be considered an ambiguous assignment, DISCO's analysis pruned the assignment using the MPER subunit structure, the RDCs, and the symmetry constraints. In other words, DISCO could prove this assignment was inconsistent with the RDC data and the gp41-M-MAT subunit structure. Using a van der Waals score and an NOE satisfaction score to measure the quality of possible packings, we found that two intersubunit NOEs (resulting in six restraints on the trimer, due to symmetry) were sufficient to precisely define the trimeric packing ( Fig. S6 A and B) . Because the MPER trimer computed by DISCO was calculated using only the MPER subunit structure and NMR data from the MPER, it represents an independent calculation (i.e., independent from the Xplor-NIH calculation) of the quaternary structure of the MPER. The Xplor-NIH and DISCO ensembles are essentially the same (Table S3 ) although the precise packing and sidechain contacts in each case vary somewhat within the ensembles, likely due to the fact that the side-chain conformations are not completely specified by the NMR restraints or due to dynamics. The best (lowest rmsd) pairwise alignment of full-length gp41-M-MAT conformers in the Xplor-NIH and DISCO ensembles is shown in Fig. 3A .
Using the MPER trimer ensemble computed by DISCO, we used Xplor-NIH to determine the structure of the remaining linker (residues 28-31) and foldon segments and thereby construct a full-length trimeric gp41-M-MAT structure. Xplor-NIH was configured to refine the full gp41-M-MAT in two steps.
The first step computed a crude approximation to the global fold by bootstrapping the linker/foldon structure determination using a known structure of the foldon region. Model 1 of the NMR ensemble 1RFO from the PDB (19) was refined against the gp41-M-MAT restraints and was designated the "foldon reference structure." The structure determination of full-length gp41-M-MAT proceeded by starting with the following conformations. For each trimeric MPER conformation in the ensemble computed by DISCO, the linker and foldon segments were attached to each MPER subunit such that the linker was set to an extended conformation and the foldon region was set to the foldon reference structure. These starting structures were refined in Xplor-NIH using the standard annealing protocol with potentials for bond angles, improper angles, bond lengths, van der Waals, and favored/ allowed Ramachandran regions to ensure proper geometry. Symmetry was enforced using a potential to minimize the rmsd between the subunits. All of the experimental RDCs for gp41-M-MAT were used along with all of the intra-and intersubunit NOEs. Additional potentials encoded restraints from 3 J HNHA couplings and dihedral restraints from TALOS (15) . Finally, all intersubunit 1 H-1 H distances in the foldon reference structure closer than 3 Å were collected into a simulated NOE potential, which was used to drive the assembly of the foldon region during the Xplor-NIH simulation. During the step 1 refinement, the MPERs were left completely fixed in space, the foldon subunits were each treated as rigid but were still allowed mobility, and the linker regions were allowed complete flexibility. Each DISCObased starting structure was refined 10 times, and the lowest energy structure was accepted. The ensemble after step 1 had 10 members of full-length gp41-M-MAT with coarsely defined linker and foldon regions.
In the second step of refinement, all residues were set to flexible and mobile and the simulation was allowed to optimize for satisfaction of the experimental restraints to determine an ensemble of high-quality structures. The same potentials were used as step 1 with two exceptions. First, the potential encoding simulated NOEs for the foldon region was replaced with an rmsd potential to the foldon reference structure for the Cα atoms. Second, an rmsd potential to the original MPER trimer Cα atoms was added to minimize changes to the MPER, yet allow small changes to satisfy experimental restraints. Each of the 10 structures from step 1 was refined 20 times and combined to create a pool of 200 structures. Of this pool, 21 structures were selected that had no NOE violations greater than 5 Å, no dihedral angle violations greater than 5°, no scalar coupling violations greater than 2 Hz, and no NH RDC Q-Factors greater than 25%. Backbone clustering with a threshold of 0.5 Å rmsd was used to filter out duplicate structures, which thinned the ensemble to 18 structures. These 18 structures were derived from 8 of the original 10 DISCO-based MPER trimers, thus indicating that the Xplor-NIH refinement and subsequent filtering pruned two of the trimeric MPER structures, presumably due to structural incompatibility with the trimeric linker and foldon structures.
Essentially, the full gp41-M-MAT structure was computed by starting from the DISCO-based MPER timer, attaching the unfolded linker segments and the unassembled foldon subunits, and then driving the Xplor-NIH simulation to recapitulate the foldon trimer under the NMR restraints from gp41-M-MAT.
The similarity of this full-length ensemble computed by DISCO and Xplor-NIH is compared with the original ensemble computed by solely Xplor-NIH in Table S3 . The two ensembles are essentially the same. The most significant differences in the structural ensembles are due to lack of restraint in the linker region. The best alignment from the two ensembles is shown in Fig. 3B . The structural ensemble of the full-length gp41-M-MAT, based on the DISCO-computed MPER regions, calculated as described in this section, has been deposited to the PDB under the code 2M7W. The limited number of side-chain NOEs observed leads to some variation in side-chain placement, especially for the more dynamic N-terminal region of the MPER. However, the Xplor-NIH and DISCO derived structural ensembles exhibit remarkably similar variations in side-chain placement, which is important for the 2F5 epitope region where both ensembles contain structures that expose W42 and other structures where it is more buried in the interface with the trimer and possibly the micelle. These different conformations are all consistent with the NMR restraints although the antibody-binding data demonstrate that the W42 side chain is sufficiently exposed to support strong antibody binding.
The heteronuclear NOE data for the linker and for several residues at the N-terminal end of the MPER are consistent with fast internal motions, on the picosecond to nanosecond timescale. These fast motions are sometimes correlated with increased breadth in the structural ensemble. However, divergence in an NMR structural ensemble is the result of sparse structural restraints incorporated in the simulated annealing refinement and not a direct measure of dynamics. In our case, NOE-based and TALOS-derived structural restraints are observed for the N-terminal region of the MPER, which, when combined with the Xplor force fields, leads to a converged structure. The heteronuclear NOE data suggest that this region also experiences fast internal motions but, on average (at least at the time scale of the experiments used for structural restraints), maintains a helical secondary structure. Fast motions can also result in the reduction of the magnitude of RDCs. The RDC data in the N-terminal region of the MPER were of reduced magnitude with increased RDC violations, further indicating fast motions.
Both the Xplor-NIH and DISCO structures indicate that the C-terminal end of the trimer near the membrane is not tightly associated into a three-helix bundle structure. This observation is consistent with dynamical simulations of the transmembrane domain that generate a model in which the independent monomers tend to form relatively stable helices at least in the initial stages of the calculation, but their association into a stable bundle through interhelical hydrogen bonds is more limited (20) . In that calculation, the transmembrane domain basically has no hydrogen bonding between helices when it adopts a left-handed trimer twist similar to that observed in gp41-M-MAT. E. F.
A. . (A and B) Analysis using symmetry can pack the MPER subunit:subunit interface with just two NOEs. Symmetry axis positions were sampled from the regions computed by DISCO using both the ambiguous NOE assignments (blue boundary). Each axis position is represented relative to the subunit centroid (the origin) and is shown as a colored diamond. The axis positions are colored by (A) van der Waals energy and (B) NOE satisfaction. The axis positions with both favorable van der Waals packing (i.e., lower energy than MPER subunit alone) and low NOE violations occupy only a small region of space. Axes for both plots are in angstroms and correspond to the plane shown in Fig. S5B . Different choices of the axis position correspond to different packings of the MPER trimer. Therefore, the score for each axis position is the score for the corresponding packed MPER trimer. The scores shown are from the single best conformer in the MPER subunit ensemble but are representative of scores for all of the conformers in the ensemble. Scores were computed after fixed-backbone local-energy minimization using Xplor-NIH, which could only vary side-chain conformations. (C and D) The ensemble of 10 MPER structures computed by DISCO using two intersubunit NOEs, side view (C) and top view down the trimer axis (D). For each region, all comparisons were made under optimal alignment, and all rmsds are reported in angstroms. *Average backbone rmsd to the mean structure. † For each region, the rmsd between the mean structure from the Xplor-NIH and DISCO based ensembles is reported.
